undergoing abdominal surgery, but cut-off levels were varying between studies. 2 Enhancement of intraoperative oxygen delivery to pre-specified targets is a key concept in many goal-directed hemodynamic treatment protocols. 3 However, most of these modern protocols do not take oxygen consumption into consideration. This can be attributed to the limited availability of bedside techniques for oxygen consumption monitoring in routine care. Association between negative post-operative outcomes and oxygen consumption in the postoperative period have been described previously. 4 The translation of these findings into the current surgical population can be questioned for several reasons, i.e the development of surgical techniques and monitoring standards, improvements in perioperative care, increasing age, and higher incidence of comorbidities in patient populations. In the design of future studies on perioperative goal-directed fluid therapy it has been proposed to also include intra-and post-operative oxygen consumption. 5 In many textbooks of anaesthesia, the effects of anaesthesia and surgery on oxygen consumption are described, but to the best of our knowledge no previous systematic review or meta-analysis has been performed. The aim of this meta-analysis was to guide the design of clinical studies addressing perioperative oxygen delivery and consumption. The primary objective was to assess, in adults (Population) receiving general anaesthesia (Intervention)
with awake baseline measurements (Comparison), the changes in oxygen consumption induced by anaesthesia (Outcome) in studies of all types of designs (Study design).
| ME TH ODS
In 2015-2016 the first searches and preliminary data extraction were performed. In 2017-18, this process was updated and the review protocol was registered in the PROSPERO database (ID:
CRD42017078910) following the PRISMA-P (Preferred Reporting
Items for Systematic review and Meta-Analysis Protocols) 2015 checklist. 6 
| Eligibility criteria
For qualitative purposes, studies and reviews on all forms of anaesthesia in adults (≥18 years) were assessed except local anaesthesia infiltration. If age of the participants was unclear, the study was excluded. Measurements during interventions that are known to affect or can affect whole-body oxygen consumption such as induced hypothermia, haemodilution, and cardiopulmonary by-pass were not included. Also, studies including patients with severe critical illness, trauma, burns, congenital heart disease, and other critical conditions were excluded.
In the quantitative meta-analysis only clinical studies (all types of design) in subjects administered general anaesthesia with measurements of oxygen consumption in the awake state and >10 minutes after anaesthesia induction but before surgical incision were eligible. 
Editorial comment
In this systematic review, the effects of general anaesthesia on oxygen consumption in surgical patients was assessed.
General anaesthesia seems to reduce oxygen consumption, but due to limited generalizability and low quality of evidence, the effect estimates from the meta-analysis are uncertain.
JAKOBSSON ET AL.
| 145 consumption or oxygen consumption index. Data on oxygen consumption were extracted at baseline, >10 minutes after anaesthesia induction, after surgical incision and >60 minutes post-extubation.
All data from the eligible studies were extracted by one reviewer and confirmed by a second one. We did not contact authors directly to obtain data not presented in the articles.
| Risk of bias in individual studies
The methodological quality of the randomized studies was evaluated by the Cochrane Risk of bias tool for randomized studies. 7 Studies with a before-after design were assessed by the Quality Assessment 
| Outcomes and measures

| Primary outcome
The absolute difference in oxygen consumption between baseline measurements in the awake state and after anaesthesia induction.
| Secondary outcomes
The absolute difference in oxygen consumption before and after surgical incision; between surgical incision and post-operative state and between the awake (preoperative baseline) and the post-operative state. The impact of mean age of participants, type of anaesthesia, timing of measurements, severity of surgery, gender distribution, study design, year of publication, monitoring modality and use of premedication and neuromuscular blockers on the primary outcome were also analysed.
| Data synthesis and statistical analysis
Characteristics of the included studies according to the extracted data were summarised in tables with sample sizes and continuous data conveyed as means ± SD. In studies providing only SEM or 95% CI, SD was calculated. Individual data were collected when available for the calculation of correlation coefficient. Meta-analysis was performed with data pooled in random effects models using R ) with 95% confidence intervals were used to estimate effect size. Transformed estimates of SMD for the absolute differences were calculated by multiplying SMD with weighted standard deviations for VO2 and VO2I respectively. Results were summarised in Forest plots. For the pooling of the reported means it was assumed that the correlation coefficient was equal along the trials. Heterogeneity between the studies was assessed by Q, τ 2 and I 2 values, the latter with 25, 50, and 75 representing low, moderate, and considerable heterogeneity.
Meta-regression analyses were performed to investigate the contribution to heterogeneity of suggested perioperative moderators on SMD of the primary outcome. Meta-regression plots were constructed using a mixed effect model with studies weighted by the inverse sampling standard deviation to illustrate the impact of continuous moderators. The quality of evidence of the primary outcome was summarised in a GRADE evidence profile. 
| Study characteristics and results from individual studies
Data from a total of 24 studies 12-35 including 32 study groups were extracted for quantitative synthesis and meta-analysis as presented in Table 1 . There were seven randomized studies and 17 studies with a before-after design. The publication years ranged from 1969 to 2000 and the mean age of patients in the study groups from 28
to 70 years. Additional data on oxygen consumption changes after start of surgery were analysed from 15 studies (19 groups) and in the post-operative period from eight studies (10 groups). In Data S3, further individual study information is presented.
| Risk of bias within studies
Quality assessment showed overall high risk of bias (Cochrane tool for randomized studies) or poor study quality (NIH tool for before-after studies) in 20 studies and fair quality in four studies with before-after design ( Table 1) . None of the studies included demonstrated a low risk of bias or good study quality. In studies with a before-after design the risk of bias was lower in description of intervention and outcome. For full details of quality assessment, please see Data S3.
| Synthesis of results
In this meta-analysis of oxygen consumption changes induced by anaesthesia 32 study groups were included from 24 studies comprising a total of 453 patients. The weighted mean baseline of VO2 was 263 ± 54 mL min −1 and VO2I 117 ± 28 mL min −1 m −2 .
| Primary outcome: estimates of changes in oxygen consumption after induction of anaesthesia
A meta-analysis of the change in oxygen consumption after induction of anaesthesia (T1) compared to awake baseline (T0) expressed as standardized mean difference is presented in Figure 2 . The 32 included study groups showed moderate heterogeneity (I 2 61%). In the weighted ran- 
| Summary of findings and quality of evidence
The effect of general anaesthesia on oxygen consumption and the quality of evidence is summarised in the GRADE evidence profile in 
| DISCUSSION
This meta-analysis demonstrates that general anaesthesia reduces the global oxygen consumption but the exact effect size estimate and its distribution is uncertain. Subsequent changes in the perioperative period were analysed in the included studies and indicated that, after skin incision, the oxygen consumption increases slightly and in the post-operative period, it increases, possibly exceeding baseline values. Perioperative factors influencing these changes were unclear. Most studies were published more than 20 years ago. Modern quality assessment tools and data pooling revealed a general high risk of bias and considerable heterogeneity. For the primary F I G U R E 2 Meta-analysis with Forest plot of the change in oxygen consumption after induction of anaesthesia (T1) compared to awake baseline (T0). Standardized mean change, i.e standardized mean difference T0-T1 in a weighted random effect model was −1.31 SMD (−1.51; −1.11, 95% CI). Test for overall effect: Z = −12.891 P < 0.001 Heterogeneity: Q (df = 31) = 70.54, P < 0.001, τ 2 = 0.172, I 2 = 61%. N = 453 outcome, the anaesthesia-induced reduction of oxygen consumption, the quality of evidence according to GRADE is therefore very low.
Despite the risk of bias, many studies offer detailed description of protocols and high-time resolution. Performing a meta-analysis of previous studies that include a physiological parameter is a more transparent approach compared to the narrative summaries found in many medical textbooks. In this way, data from smaller studies with demanding and invasive measurements could be summarised, the heterogeneity quantified and by grading the quality of evidence we have highlighted that perioperative oxygen consumption need reassessment in new studies. It is important to emphasise that our objective and the corresponding eligibility criteria was the anaesthesiainduced changes of oxygen consumption. Consequently, several large studies on intra-and post-operative oxygen consumption 1, 41, 42 were not included in this meta-analysis. The post-operative period is nonetheless of major interest as complications developing in this period have major impact on outcome. 43, 44 The described changes in perioperative oxygen consumption have several possible important clinical implications. First, the rationale of exclusive intraoperative oxygen delivery enhancement is challenged, especially in frail surgical patients. Second, the need to monitor the perioperative oxygen consumption is brought forward.
The exact underlying mechanisms decreasing the global oxygen consumption during anaesthesia are not that well known. During natural sleep, oxygen consumption has been demonstrated to decrease by around 15%, especially during the deep non-REM stages and this has been attributed to the reduced (cerebral) metabolism. 45, 46 The loss of muscle tone, as demonstrated by neuromuscular blockade during general anaesthesia and sedation 47, 48 or by spinal anaesthesia, 49 has been associated with lower resting metabolic rate and oxygen uptake. Regional and organ-specific changes in blood flow and oxygen uptake are also important in the perioperative period, for example in the hepatosplenic circulation where oxygen delivery and consumption relationships can deviate considerably from global measurements.
50
This meta-analysis has several limitations. Our primary outcome was not necessarily the primary outcome of the included studies.
Therefore, despite our broad search strategy, it is possible that studies including relevant oxygen consumption measurements have not been identified. Also, we did not contact authors presuming that complete study data were no longer available as most of the studies were performed more than 20 years ago. In addition, non-English abstracts were excluded at a screening level further limiting the number of eligible studies, as possibly relevant older studies were published in other languages. Our study protocol was published and the search and review process renewed after the first preliminary searches had been carried out. Although the outcomes and eligibility criteria were not changed, this could be an important limitation. As stated previously, only studies reporting oxygen consumption measurements in the awake and anesthetized states were included, and the analysis of intra -and post-operative changes would require a different protocol. This meta-analysis did not include studies with patients in hypothermic states. However, it cannot be excluded that T A B L E 2 GRADE evidence profile for the primary outcome, the effect of anaesthesia on oxygen consumption. In contrast to the included studies, the current surgical population is older, the perioperative care settings have changed, and monitoring technology have been developed. We suggest oxygen consumption to be included in both observational studies and trials on haemodynamic optimisation strategies in high-risk surgical patients and related to outcome. Preferably, oxygen consumption changes should be monitored continuously throughout the perioperative period. This requires monitoring methods with high timeresolution feasible for pre-, intra-and post-operative settings or reliable estimation methods.
| CONCLUSION
General anaesthesia probably reduces oxygen consumption but the effect estimate is uncertain. Given the limited generalisability and low quality of the available evidence, new studies in modern perioperative settings and in today's older high-risk surgical patient populations are needed. Hospital who participated as a reviewer in the updated searches.
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